The relation between formation temperature and morphology of strain-induced and thermally transformed martensites in various Fe-Ni-C alloys has been studied by means of optical and transmission electron microscopy. The morphology of the strain-induced martensite varied with the formation temperature (i. e., deformation temperature below the Md) even in the The Ms temperature was remarkably depressed in these alloys with decrease in austenitizing temperature. Therefore, the relation between formation temperature and morphology of thermally transformed martensite was clearly determined in the same alloy by utilizing this phenomenon (thermal stabilization of austenite). The morphology of thermally transformed martensite also varied with the formation temperature even in the same alloy. Three types of the martensite were also observed in the same morphologies, and they were similarly formed in the same temperature ranges as the strain-induced martensites, respectively. The main factor determining the morphology of martensite (both the strain-induced and thermally transformed martensites) in Fe-Ni-C alloys was considered to be the formation temperature.
Introduction
It is well known that the martensite is induced from austenite by deformation at temperatures below the Md.
There have been many investigations on the straininduced martensitic transformation in Fe-Cr-Ni and an investigation on the strain-induced martensite has been few in number, although many investigations have been done on the thermally transformed martensite(9)
The present authors(17) have reported that the characteristic martensite, whose morphology is quite different from that of thermally transformed martensite, was induced by deformation at temperatures between 0 and having the Ms temperatures below room temperature.
In a previous paper(17), however, it was difficult to clarify the relation between morphology and form ation temperature of strain-induced martensite, because the
Ms temperature of the alloy used was relatively high
In this investigation, the experiments have been carried out using various Fe-Ni-C alloys in order to conduct researches into the morphology of strain-induced martensites formed over a wide temperature range morphology of strain-induced martensite varied in three types with the formation temperature. Furthermore, it was found that the morphology of thermally transformed martensite also varied in three types with the formation temperature (i. e., Ms temperature)(18). The variation in morphology with the formation temperature corresponded well to that of strain-induced martensites.
* This paper was originally published in Japanese in J . Japan Inst. Metals, 35 (1971) to study the morphology of thermally transformed martensite, the Ms temperature of the specimens was controlled by varying the austenitizing temperature and the specimens were cooled to the temperature just below the Ms. The microstructures were observed by means of optical (etchant: 5% Nital) and transmission electron microscopy.
III. Experimental Results

The morphology of strain-induced martensite
Photograph 1 shows the optical micrographs of martensites induced in Fe-29% Ni-0.26% C alloy above Ms). These martensites are typically lenticular with a mid-rib, and have the same morphology, except deformation twins, as the thermally transformed martensites formed just below Ms in this alloy (as shown in Photo. 6 (b) and (c)). However, when this alloy is tensites (hereafter, such a martensite is called butterfly martensite) are formed as shown in Photo. 1 (c). These martensites are entirely different in morphology from the lenticular martensite shown in Photo. 1 (a). In case The present authors(17) have reported that there are two types of strain-induced martensites (that is, partially twinned lenticular martensitee and dislocated butterfly martensite) depending on deformation temperature, and suggested that the transformation mechanisms of these martensites are different from each other. It has been again confirmed in this investigation that the characteristic butterfly martensites are induced by deforma-% Ni-0.26% C alloy in addition to the usual lenticular martensite.
In order to study the morphology of strain-induced martensite formed at a further low temperature, the As shown in Photo. 2 (b) which is a high-magnification micrograph, the martensite contains an apparent straight mid-rib and transformation twins exist in the region near the mid-rib.
It has been reported (14)(15)(19) (20) that the twinned region of mar tensite are clearly revealed specimen was an austenitic single phase before deformation at this temperature. In Photo. 3, the martensites are thin and plate-like. These are recognized to be actually thin plates as described later. Photograph 3 (b) represents a high magnification micrograph. These martensites are completely twinned without the mid-rib.
Ni-0.22% C, both lenticular and thin plate-like martensites coexist as shown in Photo. 4.
As described above, it was found that there were the following three types of strain-induced martensites in Fe-Ni-C alloys; (1) the dislocated butterfly martensite morphology of strain-induced martensite is controlled by the formation temperature (i. e., deformation temperature).
As to the lenticular martensite which is formed over a wide temperature range between about -20 and To make clear the relation between morphology of martensite and its formation temperature (i. e., transformation temperature), the Ms temperature was adjusted by varying the austenitizing temperature and the microstructural observation was carried out using the specimen cooled to a temperature just below Ms. Figure 1 shows the variation of Ms temperatures in Fe-Ni-C alloys with austenitizing temperature. The holding time of specimens was 1hr at the respective austenitizing temperatures.
The Ms temperature decreases with decrease in austenitizing temperature, especially the changes of Ms are remarkable in Fe-31% Ni-0.23% C and Fe-31% Ni-0.28% C alloys.
Photograph 6 shows the optical micrographs taken martensites formed are straight and thin plate-like as shown in Photo. 7 (d). These martensites are completely twinned and have no mid-ribs. These are the same morphology as the strain-induced martensites formed at martensites coexist (Photo. 7 (c)). Photograph 8 is a composite micrograph of the two structures taken from two faces with a right angle of a cubic specimen of Feplate-like. The transmission electron micrograph of the thin plate-like martensite is shown in Photo. 9 (a). Photograph 9 (c) is an electron diffraction pattern taken from the framed area in the martensite in Photo. 9 (b) which is a schematic illustration of Photo. 9 (a), and Photo. 9 (d) is a key diagram of (c). Photograph 9 (e) is a dark field image of (a) formed by a (011)twin reflection indicated by an arrow in (d). From this result, the Photo. 8 Optical micrograph of thermally transformed martensite on two adiacent faces of a cubic fine striations in martensite were confirmed to be transformation twins. It is recognized that the thin plate-like martensite is completely twinned and has no mid-rib. The electron micrographs of this type of martensites have been reported by Tamura et al. (26) and Wayman et al.(27) Photograph 10 shows the change of morphology of thermally transformed martensites in Fe-31% Ni-0.28 % C with the formation temperature.
There are lenticular martensites with the mid-rib when the Ms though the twinned region extends to a wider range with decrease in Ms (formation temperature). However, plate-like as shown in Photo. 10 (c).
As described above, it seems that the morphology of thermally transformed martensite in Fe-Ni-C alloy varies with the formation temperature (i. e., Ms temperature) even in the same alloy, namely, butterfly martenthe morphology change with formation temperature is almost the same as in the case of strain-induced martensite. In this investigation, however, it was found that the morphology of martensite changed even in the same alloy with the formation temperature. According to the difference in chemical compositions of iron alloys, the stability of austenite (or Ms temperature) varies and, at the same time, the stacking fault energy of austenite which may influence the martensitic transformation also changes. Since the effect of stacking fault energy of austenite on the morphology was not examined in this investigation, it is difficult to discuss the influence of stacking fault energy on the morphology of martensite due to the change in chemical composition.
The chemical composition, however, would markedly influence the morphology of martensite by changing the Ms temperature. Even in the same alloy, the morphology of martensite changes in three types with the variation of Ms temperature. Therefore, the main factor in determining the morphology of martensite in Fe-Ni-C alloy is considered to be the formation temperature.
The thin plate-like martensite without the mid-rib as shown in Photo. 7 (d) has also been observed in Fe-Ni-C alloys containing relatively high carbon (13)(25)(26)(30), but it is difficult to find a report describing the thin plate-like martensites in Fe-Ni alloy without carbon. Reed(16) has shown that the lenticular martensite with a mid-rib is formed in Fe-35% Ni alloy by deformation Fe-7% Al-high C alloy the morpholoy of martensite changes from lenticular with a mid-rib to the thin platelike martensite without a mid-rib with increase in carbon content from 1.5% to 2.0%. The Ms temperature of Fe-7% Al-2.0% C alloy, which formed a thin seems that the transition temperature of the morphology change from the lenticular to the thin plate-like one increases with increase in carbon content.
Substructure of martensite
The substructures of three types of martensites observed in this investigation are also entirely different from each other. The butterfly martensite formed at a relatively high temperature as shown in Photo. 1 (c) contains many dislocations but no transformation twins and no mid-rib(17).
The orientation relationship between the butterfly martensite and austenite would be the K-S type(17). The lenticular martensite has an apparent mid-rib and contains transformation twins. Even if the lenticular martensite is completely twinned, it still has the mid-rib. It is, however, observed in this investigation that the substructure of martensite changes even in the same alloy with formation temperature; that is, the twinned region increases with decreasing formation temperature. Wayman(31) has reported a similar result that in an Fe-Ni alloy the smaller martensite plates formed at lower temperature are completely twinned, while the initially-formed plates are partially twinned. Such a trend was observed in both thermally transformed martensite (Photos. 6, 7 and 10) and strain-induced martensite (Photo. 5) in this investigation. This means that main factor controlling the substructure of martensite is also the formation temperature at least in FeNi-C alloy.
Thermal stabilization of austenite
It is well known that the Ms temperature decreases with decreasing austenitizing temperature or shortening observed in the same alloy without any variations in chemical composition of austenite. When the chemical composition of austenite changes by the resolution or precipitation during the austenitizing treatment, the change in Ms is more complex. In the Fe-Ni-C alloys used in this investigation any resolution or precipitation did not occur during the austenitizing treatment, and a usual thermal stabilization of austenite was observed as shown Fig. 1 . The Ms temperatures are markedly depressed with decrease in austenitizing temperature.
In the case of Fe-31% Ni-0.23% C and Fe-31% Ni-0.28% C alloys in Fig. 1 , however, it seems that the Ms temperature is exceedingly affected by austenitizing temperature in comparison with the results previously reported(25). It is considered that decarburization of the specimen during the austenitizing treatment may occur to some extent.
In order to ascertain the decarburization during the austenitizing treatment, the nickel-plated specimen was performed on specimen, polished the surface layer and measured the Ms temperature. The Ms temperature of the Ni-plated specimen which was not plated. This means that the decarburization of austenite occurs slightly in the specimens used in this investigation, and the decrease in Ms temperature shown in Fig. 1 is caused in part by the decarburization of austenite. However, since the change parison with the total change of Ms temperature, it can be considered that the main cause of the change in Ms is due to a usual thermal stabilization of austenite.
V. Conclusion
The morphology of strain-induced martensite and thermally transformed martensite in various Fe-Ni-C alloys whose Ms temperatures are below room temperature has been investigated. The results obtained are as follows:
(1) There are three types of strain-induced martensites. These are formed only in a certain temperature range, namely, butterfly-like dislocated martensite (2)_ The relation between the morphology and the formation temperature of thermally transformed martensite in the same alloy was investigated by utilizing the variation in Ms of the specimens, because the Ms temperature decreases with decreasing austenitizing temperature. The same kinds of martensitess in three types are formed in the same temperature ranges as_ the strain-induced martensites, respectively. While the three types of martensites described above have already been reported separately with no relation to each other by different researchers, the present investigation made clear that these martensites are related to each other with the formation temperature.
Thus it may be considered that the morphology of martensite (both strain-induced and thermally transformed martensite), at least in Fe-Ni-C alloys, depends mainly upon the formation temperature.
